Abstract. Here we present experimental surface tension isotherms of mixed solutions of two surfactants, sodium dodecylsulfate (SDS) and cocoamidopropyl betaine (Betaine), measured by means of the Wilhelmy plate method. The kinetics of surface tension relaxation exhibits two characteristic timescales, which have been distinguished to determine correctly the equilibrium surface tension. The transition from the zwitterionic to the cationic form of Betaine is detected by surface tension measurements. The critical micellization concentration (cmc) increases monotonically with the rise of the mole fraction of SDS in the surfactant blend. The experimental surface tension isotherms are fitted by means of the two-component van der Waals model, and an excellent agreement between theory and experiment was achieved. Having determined the parameters of the model, we calculated different properties of the mixed surfactant adsorption layer at various concentrations of SDS, Betaine and salt. Such properties are the adsorptions of the two surfactants; the surface dilatational elasticity, the occupancy of the Stern layer by bound counterions, the surface electric potential, etc. In particular, the addition of a small amount of Betaine to SDS significantly increases the surface elasticity. The results could be further applied to predict the thickness and stability of foam films, or the size of the rodlike micelles in the mixed solutions of SDS and Betaine.
Introduction
The advance in the theory of adsorption from solutions of ionic surfactants, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] and their blends with nonionic ones, [1] [2] [3] [4] [5] [6] [7] allows a detailed analysis and computer modeling of the interfacial properties. The development of electric double layer and adsorption of counterions have been taken into account. For recent reviews -see refs [8] [9] [10] [11] . The processing of experimental surface tension isotherms by means of an adequate theoretical model can provide useful information for the properties of the surfactant adsorption layer. To achieve that, one has to first determine the adsorption constants as adjustable parameters from the best fit of experimental data. Having these parameter values, with the help of a computer program, one can calculate numerous properties of the system. Thus, for each combination of surfactant and salt concentrations one can calculate the surface tension; the adsorption of every specific component, including the counterions; the surface electric potential; the surface dilatational elasticity, 12, 13 the characteristic relaxation time of surfactant adsorption; the thickness of the equilibrium foam and emulsion films formed from the respective solution, and so forth.
Recently, a two-component version of the van der Waals model was developed, which accounts for the binding of counterions. 14 It was successfully applied to investigate the adsorption from mixed solutions of an ionic and a nonionic surfactant: sodium dodecyl sulfate (SDS) and dodecanol, 14 and sodium dodecylbenzene sulfonate and dodecylbenzene. 15 Our aim in the present paper is to apply this model to analyze new experimental data for the surface tension of mixed solutions of SDS and cocoamidopropyl betaine, a zwitterionic surfactant.
Betaines are widely used as foam boosters thanks to their property to stabilize foams against the antifoaming action of oil droplets contained in the commercial shampoos and hairconditioners. 16, 17 Moreover, the betaines are known to reduce the irritation action of the surfactant solutions on the eye and skin. 18 Previous studies indicate strong synergistic effects of the mixed solutions of SDS and C 12 Betaine. 19, 20 Synergistic formation of large rodlike micelles was reported in the mixed solutions of SDS and cocoamidopropyl betaine, at a relatively low total surfactant concentration. 21 The paper is organized as follows. In section 2 we report surface-tension data for the mixed solutions of cocoamidopropyl betaine (briefly, Betaine), obtained by the Wilhelmy plate method. The transition cationic-zwitterionic Betaine is detected by means of surface tension measurements. The systematic variation of the molar fraction of the mixture SDS-Betaine is carried out at the natural pH = 5.5 (zwitterionic Betaine). In section 3, the experimental data are fitted by means of the two-component van der Waals model, and the obtained parameter values are discussed. Having determined the parameters, in section 4 we present the predictions of the model for the concentration dependencies of the SDS and Betaine adsorptions, binding of Na + ions, surface electric potential, surface dilatational elasticity and the effect of NaCl on the composition of the adsorption layer. Finally, in section 5 we discuss the special surface-tension kinetics of the Betaine-containing solutions. As already mentioned, the used amphoteric surfactant was cocoamidopropyl betaine (briefly, Betaine), commercial name "Tego Betaine F50"; Goldschmidt Chemical Co., McDonald,
Experimental Section
PA. The structure of its molecule is:
According to the supplier specification, the sample contains 39 wt% active substance (Betaine). To determine how large is the admixture of NaCl in the used Betaine sample, we measured the electroconductivity of the solutions as a function of the Betaine concentration by means of a conductivity meter, model 30 (Denver Instruments, USA). The procedure is analogous to that used in ref 15, section 2.2 therein. From the slope of the obtained straight line we established that the relative weight fraction of NaCl, relative to Betaine, is 0.225 in the used sample; pH = 5.5. (At pH = 5.5 the Betaine is in its zwitterionic form; see section 2.3 below) To have a well-defined ionic strength, our working solutions contain 10 mM NaCl added. The latter concentration is much greater than the ionic strength due to the electrolyte admixture in the Betaine sample, insofar as the highest Betaine concentration in our experiments (restricted to the region below the cmc) is ≤ 0.8 mM.
Surface Tension Measurements.
The surface tension of the investigated solutions was measured by means of the Wilhelmy plate technique at temperature 25°C and at the natural pH of the solutions, pH = 5.5. Only in one set of experiments (section 2.3 below) the pH was lowered by addition of HCl to investigate how the transition from zwitterionic to cationic Betaine affects the solutions' surface tension. In all experiments, we used a Krüss tensiometer with a platinum plate, which is connected to a computer to record the relaxation of surface tension, σ(t), (σ -surface tension; t -time). 
The standard procedure to find the equilibrium surface tension is to plot σ vs. t The data in Figure 1 corresponds to total surfactant concentration C tot = 0.01 mM at equal, molar fractions of Betaine and SDS. The parameters of the two linear regressions, drawn in Figure 1 , are listed in Table 1 . Figure 1 and Table 1 ).
Let us give another example. We checked how long could continue the surface tension These, and other measurements with Betaine containing solutions show that the long-time linear dependence of the plot σ vs. t −1/2 gives physically irrelevant values for both σ eq and the relaxation time of surface tension. This long-time dependence is most probably an artifact, due to a gradual increase of the three-phase contact angle at the Wilhelmy plate. This effect is well known for cationic surfactants, and it is explained with a gradual (evaporation driven) deposition of surfactant in the vicinity of the contact line, which results in a contact angle, which is greater than zero and increases with time. [24] [25] [26] [27] Because at pH = 5.5 the Betaine is in its zwitterionic form (section 2.3), it turns out that a similar contact-angle effect can take place also with a zwitterionic surfactant (not only with a cationic one). To check that, we carried out test measurements of σ with the pendant drop method, which showed relaxation times, which are very close to those obtained from the short-time linear dependence (see Figure 1 and Table 1 ).
Our conclusion is that the surface tension of Betaine-containing solutions can be measured by means of the Wilhelmy plate method, supposedly the equilibrium surface tension is determined from the intercept of the short-time linear dependence ( Figure 1 ). The experimental surfacetension isotherms thus obtained are smooth and the characteristic relaxation times agree with the estimates based on diffusion-controlled relaxation (see below). The long-time dependence of surface tension is most probably an artifact due to the increasing of contact angle at the plate, because of surfactant deposition. Fortunately, the two processes have rather different relaxation times and can be clearly distinguished. This enables one to carry out correctly the extrapolation ( Figure 1 ) and to determine the true equilibrium surface tension. These circumstances should be taken into account, especially when using automatic versions of the Wilhelmy plate method. An additional discussion on the kinetics of surface tension relaxation in the presence of Betaine is given in section 5 below.
Transition between the Zwitterionic and Cationic Forms of Betaine. In solution,
the Betaine can be present in two forms: zwitterionic and cationic. In most of our experiments, we work at natural pH = 5.5. We expect that at this pH, the zwitterionic form is predominant.
However, if even a trace amount of cationic Betaine is present in mixed SDS-Betaine solutions, it will be attracted by the negatively charged surface, its concentration in the subsurface layer will be considerably increased, and consequently, its contents in the mixed surfactant adsorption layer will be considerable. For example, if the surface potential (in the presence of SDS) is ψ s = −125 mV, and the molar fraction of the cationic Betaine is x cationic = 0.01 (relative to the total Betaine content), for the subsurface and bulk concentrations we obtain: The transition from cationic to zwitterionic form of the Betaine can be characterized with the inflection point, which is at pH ≈ 3.2 in Figure 2 . The latter plot indicates that at pH = 5.5 the Betaine is present entirely as a zwitterion. For pH ≥ 5.5, the concentration of the cationic form is so small that it does not affect the surface tension. This conclusion makes easier the interpretation of our data in Figure 3 below. For the mixed solutions of SDS and Betaine (the curves for 0 ≤ x SDS ≤ 0.95 in Figure 3 ), the data are fitted by the van der Waals isotherm for surfactant blends, as explained in section 3 below.
The data points in Figure 3 correspond to the region below the critical micellization concentration (cmc). We determined also the values of cmc, and of the surface tension at cmc, σ cmc , for the investigated solutions of SDS and Betaine. The results are listed in Table 2 . The dependence of cmc on x SDS (Table 2) is monotonic, which is visualized in Figure 4 . (The line in Figure 4 is a nonlinear regression with a four-parameter rational function.) No synergistic effects are observed with respect to the cmc. In contrast, at x SDS ≈ 0.25 (1:3 SDS to Betaine), the rodlike mixed micelles of SDS and Betaine reach their maximal length, at constant cross-sectional diameter (≈ 5 nm). 21 This is an evidence for the presence of synergism with respect to the micelle size. It is interesting to note that the appearance of synergistic minimum at ratio 1:3 (or 3:1) has been noticed by other authors 29 for other systems. Most probably, the ratio 3:1 is related to the hexagonal packing of the adsorbed surfactant molecules. 29 It should be noted also that for the Betaine containing solutions σ cmc is practically constant ( Table 2 ). cocoamidopropyl betaine in our experiments.
Theoretical Aspects
3.1. Theoretical Background. Our purpose here is to fit the experimental surface-tension isotherms in Figure 3 
is the mole fraction of the respective surfactant in the adsorption layer; α ij and β ij are constant parameters; see Table 3 . In addition, the contribution of the diffuse electric double layer to the surface pressure is:
1,6,36
where I is the ionic strength of the solution, Φ s is the dimensionless surface potential and κ is the 
e is the electronic charge, ε is the dielectric constant of the solvent (water); ψ s is the surface electric potential, which is determined mostly by the presence of adsorbed DS − ions. Note that ψ s is negative, and Φ s is positive by definition.
To compute the solution's surface tension, σ, for each given concentration of SDS, Betaine and NaCl, one has to solve numerically a system of seven equations, which is specified in section 
, as follows: α 44 ≠ α 11 . We determined α 44 , from the fit of the experimental data in Figure 3 , as explained in the next section.
Fit of the Data. The two-component van der Waals model involves a set of 9
parameters (see Table 3 ), whose values have to be specified. These are the excluded areas α ij , the interaction parameters β ij , and the adsorption energies E i . The molecular length, δ i , is estimated from the known molecular size ( 
From computational viewpoint, it is more convenient to use the dimensionless form of the interaction parameters β ij :
The values of all parameters (Table 3) , referring only to SDS and NaCl are taken from ref 14.
These parameters are α 11 , 11 β , E 1 , E 2 , δ 1 , δ 2 , K 1 and K 2 . Then, only four unknown parameters remain to be determined from the fit of the data in Figure 3 : α 44 , 14 β , 44 β , and E 4 ; K 4 is to be calculated from eq 12 using the values of α 44 , E 4 and δ 4 (see Table 3 ). Figure 3 .
There are two approaches to process the data in Figure 3 . (i) First to fit the lowest curve (that for 100% Betaine, x SDS = 0) and to determine α 44 , 44 β , and E 4 . After that, to fit simultaneously the five curves corresponding to mixed SDS-Betaine solutions, and to determine 14 β .
(ii) Alternatively, it is possible to fit simultaneously all 71 experimental points in Figure 3 and to determine the four unknown parameters, α 44 , 14 β , 44 β , and E 4 . We tried both approaches and obtained practically coinciding results, which are given in Table 3 . The quality of the fit is excellent: the standard deviation is only 0.293 mN/m. (Table 3) increase from SDS to Betaine. Such a behavior is in agreement with the finding that the parameters ij βˆ account for the van der Waals attraction between the hydrocarbon tails of the respective couples of adsorbed molecules (the tail of Betaine is longer than that of SDS).
The adsorption energy of Betaine, E 4 , is only slightly greater that that of SDS, E 2 (Table 3) 
Numerical Results and Discussion
A fit of surface tension data, like that in Figure 3 , provides information about many properties of the interfacial layer. As mentioned in the beginning, having once determined the parameters of the model (see Table 3 
see eqs 6-9. First of all, in Figure 8 one sees that the increase of the mole fraction of Betaine strongly increases the surface elasticity, E G . For example, at total surfactant concentration 0.1 mM, the increase of x B from 0 to 0.05 increases E G about 10 times. This effect leads to the formation of (kinetically) more stable foam films, 38 and correlates with the use of Betaine as foam booster. 16, 17 As the curves in Figures 7b and 8 look similar, it seems that the Betaine increases E G through the increase of Γ tot . properties. The latter is illustrated in Figure 10 . As it could be expected, Γ SDS increases with both the total surfactant concentration and the SDS mole fraction in the bulk, x SDS (Figure 10a ). Figure   10b shows the calculated occupancy, Γ Na /Γ SDS , of the Stern layer with adsorbed Na+ ions. The occupancy rises up to 0.7 for x SDS = 1, but it is below 0.1 for x SDS ≤ 0.5. It is not surprising that, qualitatively, the shape of the curves in Figure 10b resembles that of the curves in Figure 10a : in fact, the headgroups of the adsorbed SDS molecules serve as adsorption centers for the Na + ions. 
SDS-Betaine mixed solutions
In Figures 7-10 the concentration of NaCl was fixed to 10 mM. As we have determined all parameters of the model (Table 3) , we are able to predict the composition of the surfactant adsorption layer also for other concentrations of NaCl. As an illustration, in Figure 11 we show the effect of NaCl on the surface mole fraction of SDS, X SDS = 1 − X B . In general, X SDS increases with the rise of the NaCl concentration. This can be explained with the reduction of the electrostatic repulsion between the DS − ions and the interface with the rise of the solution's ionic strength.
Then both the subsurface concentration of DS − and X SDS increase. Figure 11 . Plot of the calculated surface mole fraction of SDS, X SDS , vs. the total bulk surfactant concentration in mixed SDS-Betaine solutions at fixed x SDS = 0.50. The different curves correspond to different bulk concentrations of NaCl, denoted in the figure; pH = 5.5.
Relaxation Kinetics
For the specific example in Figure 1 , the short-time linear dependence ends at some moment, t end = 8.61 min. As discussed in section 2.2, the short-time linear dependence should be used to determine (by extrapolation) the equilibrium surface tension when the Wilhelmy plate method is applied. (The long-time linear dependence of σ on t −1/2 is, most probably, an artifact due to the gradual hydrophobization of the Wilhelmy plate by adsorbed Betaine.) From practical viewpoint, it would be helpful to know t end , and to carry out measurements of σ for t ≤ t end (to avoid the misleading long-time kinetics of σ). It turns out that t end exhibits a strong, nonmonotonic dependence on the total surfactant concentration, C tot : this is illustrated in Table 4 with experimental data for t end at two different fixed molar fractions of Betaine: x B = 1 and 0.5.
One sees that the dependence of t end on C tot has a maximum. To understand why the dependence of t end on C tot is nonmonotonic, we recall that the characteristic relaxation time of σ in diffusion-controlled regime, t rel , usually exhibits a maximum as a function of C tot . 11, 12 To check that for the case of Betaine we will use the long-time asymptotics of surface tension, in the Hansen limit (large initial deviations from equilibrium):
11,12,39
where Γ is the total surfactant concentration, D is the diffusion coefficient of the surfactant molecules; σ eq is the equilibrium surface tension. As already mentioned, employing the theoretical model and the parameter values in Table 3 , we are able to predict Γ and σ eq for every C tot . Thus, using eq 17, we calculated t rel for the values of C tot and x B in Table 4 ; the diffusivity of SDS, 5.5 × 10 −6 m 2 /s, was substituted for D. As illustrated in Figure 12 , the dependence t rel (C tot ) has a well-pronounced maximum. Moreover, the calculated dependence t rel (C tot ) correlates very well with the experimental dependence t end (C tot ), see the data in Table 4 . This is visualized in Figure 13 , where t end is plotted vs. t rel . Despite the fact that, separately, t end and t rel are nonmonotonic functions of C tot (see Figure 12 ), Figure 13 shows that t end (t rel ) is a straight line. In other words, it In conclusion, it turns out that t end ∝ t rel and that the nonmonotonic behavior of t end correlate with the rate of adsorption under diffusion control, characterized by t rel . Figure 12 . Plot of the calculated characteristic relaxation time of surface tension, t rel (eq 17), vs. the total surfactant concentration. C tot , for two fixed molar fractions of Betaine, x B , denoted in the figure; pH = 5.5. Figure 13 . Correlation of the experimentally determined t end and the calculated t rel -plot of data from Table 4 ; 10 mM NaCl; pH = 5.5; details in the text.
Summary and Conclusions
Here we present experimental surface tension isotherms of mixed solutions of two surfactants, sodium dodecylsulfate (SDS) and cocoamidopropyl betaine (Betaine), measured by means of the Wilhelmy plate method. The kinetics of surface tension relaxation exhibits two characteristic timescales: one of them related to the diffusion-controlled surfactant adsorption, and another one, related to an apparent decrease of surface tension due to a gradual hydrophobization of the Wilhelmy plate (Figure 1 and section 5 ). The two timescales should be distinguished in order to determine correctly the equilibrium surface tension. The transition from the zwitterionic to the cationic form of Betaine is detected by surface tension measurements (Figure 2) . The critical micellization concentration (cmc) increases monotonically with the rise of the mole fraction of SDS in the surfactant blend (Figure 4) . The experimental surface tension isotherms are fitted by means of the two-component van der Waals model (section 3); the agreement between theory and experiment is excellent (Figure 3 ). The excluded area per Betaine molecule (α 44 ), determined from the best fit, coincides with the geometric cross-sectional area of the Betaine molecule ( Figure 6 and the related text). Having determined the parameters of the model, we calculated different properties of the mixed surfactant adsorption layer at various concentrations of SDS, Betaine and salt. Such properties are the adsorptions of the two surfactants and the total adsorption; the surface dilatational (Gibbs) elasticity, the occupancy of the Stern layer by bound counterions, the surface electric potential, etc. (Figures 7−10) . The results could be further applied to predict the thickness and stability of foam films, or the size of the rodlike micelles in the mixed solutions of SDS and Betaine. 21 
